The current knowledge of bone marrow mechanics is limited to its viscous properties, neglecting the elastic contribution of the extracellular matrix. To get a more complete view of the mechanics of marrow, we characterized intact yellow porcine bone marrow using three different, but complementary techniques: rheology, indentation, and cavitation. Our analysis shows that bone marrow is elastic, and has a large amount of intra-and inter-sample heterogeneity, with an effective Young's modulus ranging from 0.25-24.7 kPa at physiological temperature. Each testing method was consistent across matched tissue samples, and each provided unique benefits depending on user needs. We recommend bulk rheology to capture the effects of temperature on tissue elasticity and moduli, indentation for quantifying local tissue heterogeneity, and cavitation rheology for mitigating destructive sample preparation. We anticipate the knowledge of bone marrow elastic properties for building in vitro models will elucidate mechanisms involved in disease progression and regenerative medicine.
Introduction
Bone marrow plays a significant role in body homeostasis by regulating immune and stromal cell trafficking. Researchers have characterized the matrix content and the role of local cells in bone physiology, but capturing the mechanics of bone marrow tissue has been limited in scope. The elastic modulus of engineered substrates is well known to influence cell shape, proliferation, migration and differentiation (Marklein and Burdick, 2010; Peyton and Putnam, 2005; Peyton et al., 2008; Yang et al., 2014) . While significant effort has gone into recapitulating the hematopoietic microenvironment in vitro for both regenerative medicine and to improve drug screening, there is no physiological measurement of the modulus of intact bone marrow (Lee et al., 2012; Mahadik et al., 2014; Nicholsa et al., 2010; Scotti et al., 2013; Torisawa et al., 2014) .
Though some of these model systems incorporate controlled mechanics, there is little validation for the stiffness choices, even though bone marrow stromal and progenitor cells are mechanically responsive to both engineered substrates, and the viscosity of the surrounding fluid (Engler et al., 2006; Lee et al., 2014; Sikavitsas et al., 2003; Yang et al., 2014) . Knowing the modulus of in vivo tissue is critical for regenerative medicine as well. For example, the Blau lab found that the regenerative capacity of muscle stem cells is enhanced when cultured on surfaces mechanically similar to mouse muscle (Gilbert et al., 2011) . This highlights the need for methods that can appropriately characterize the heterogeneous mechanics of bone marrow tissue to understand its role in driving the behaviors of the cells within.
Marrow tissue has hematopoietic-rich and adipose-rich regions, which are referred to as red and yellow marrow, respectively. Yellow marrow is enriched in the medullary cavity and red marrow in the spongy, trabecular bone (Parfitt et al., 1983; Vande Berg et al., 1998) . Cell content in the marrow is a dynamic process, and yellow marrow can expand and contract as haematopoiesis occurs (Gimble et al., 1996) . Unfortunately, the difficulty of harvesting red marrow has limited the ability to isolate and test its mechanics using conventional methods.
Yellow marrow has been shown to be mechanically heterogeneous in studies where samples are homogenized and centrifuged to remove cell and bone debris (Bryant, 1988; Zhong and Akkus, 2011) . Prepping samples in this manner removes many of the inconsistencies caused when harvesting marrow, but ignores the elastic contribution of the bone marrow extracellular. The most robust study on yellow marrow mechanics measured the viscosity of the marrow from 19 human subjects and found no apparent correlation between age and marrow viscosity, though marrow has been shown to yellow with age (Justesen et al., 2001; Zhong and Akkus, 2011) .
Another group found proximal bovine marrow, the tissue close to the trabecular bone, to be more viscous than distal bovine marrow, and they suggest that these changes in viscosity are a function of spatial marrow composition . Though both of these studies are informative, the impact of the surrounding or, potentially inclusive, trabecular bone is neglected because samples were homogenized and filtered.
The anatomical location and surrounding cortical bone poses a unique challenge for researchers interested in mechanically studying bone marrow tissue. Many studies have looked at properties of homogenized marrow, by extracting marrow from the medullary cavity and performing bulk rheology, but these approaches are destructive and create a critical gap in our knowledge of intact marrow mechanics (Bryant, 1988; Bryant et al., 1988; Saito et al., 2002; Sobotkova et al., 1988; Zhong and Akkus, 2011) . Additionally, researchers have used techniques to measure intramedullary pressure (IMP) to better understand how lifestyle choices, such as loading, disuse, steroid use, and diseases such as osteoporosis and cancer change marrow content, blood flow, and bone remodeling (Bloomfield, 2010; Gurkan and Akkus, 2008; Lynch et al., 2013; Miyanishi et al., 2002; Zhang et al., 2007) . It is clear that many external factors impact IMP changes, but no work has gone into characterizing the mechanics of the intact matrix, which we suggest plays a stiffness-dependent role in disease progression. Rheology is the dominant method used to characterize bone marrow tissue, with the exception of one group that used ultrasonic wave propagation (Hosokawa and Otani, 1997) . However, ultrasonic wave propagation reported that the Young's modulus of bovine marrow is the same order of magnitude as what others have found for the surrounding spongy bone (~2GPa) (Morgan et al., 2003) . The stark differences between marrow and bone likely make it hard to distinguish the marrow mechanics with type of technique. Though the viscoelasticity of bone marrow makes it ideal for bulk rheological characterization, this technique lacks the ability to measure microscopic level heterogeneities and often requires destructive sample preparation. Since bone marrow tissue varies across the length of the bone, is cell-rich, and is highly vascularized, we aimed to explore two more sensitive methods in parallel with traditional rheology: indentation and cavitation rheology. This approach enabled us to explore the continuity of diverse mechanical techniques and sample preparations on the characterization of marrow mechanical properties. Together, this information will allow the field of tissue engineering to further improve the understanding of marrow mechanics and to build more accurate in vitro models of marrow tissue.
Materials and Methods

In vitro sample preparation
Femurs from grass-fed large black Tamworth Cross pigs, 6-10 months old, were gathered from a local butcher, and mechanical testing was conducted within 2 hrs post-opening of the bone cavity. Indentation and rheology samples were gathered from a bone cut lengthwise down the femur, and tissue samples were biopsy punched out of the medullary cavity and stored in phosphate buffer solution (pH 7.4) for mechanical testing (Figure 1a ). The porcine bones were cut horizontally across the medullary cavity of a femur for cavitation rheology testing. All indentation and cavitation tests were performed at room temperature, which ranges from 18-22°C and is annotated as 20°C throughout the paper. A minimum of 6 porcine bones, from different pigs, were used for each mechanical test.
Rheology
Small amplitude oscillatory shear measurements were performed in a Kinexus Pro rheometer (Malvern Instruments, UK) using a plate-plate geometry, with a diameter of 20 mm and gap of 1 mm. Porcine bone marrow punches were placed on the lower plate, the top plate was lowered into position, and excess marrow was trimmed with a razor blade. A solvent trap was placed over the geometry and temperature was maintained at 25°C. A 0.15% strain was selected from a strain amplitude sweep to ensure that experiments were conducted within the linear viscoelastic region (Suppl. Figure 1 ). Oscillatory frequency sweeps were conducted between 0.1 and 16 Hz. To capture temperature variation, samples were heated to 35°C, and the measurements were repeated. The effective Young's modulus, E Eff , was calculated at a frequency of 0.1 Hz assuming a Poisson's ratio, , of 0.5.
Indentation
Indentation is a custom-built instrument that measures the forces applied to materials mounted on a stage (Chan et al., 2008) . A flat, cylindrical steel probe (High-Speed M2 Tool Steel
Hardened Undersized Rod, 5.2 mm diameter) was brought into contact with the tissue sample.
The test was carried out at a fixed displacement rate (10 μm/s), and the maximum applied relative displacement was 100 μm. The force, P, was monitored by a force transducer (Honeywell Sensotec, Columbus, OH) connected in series with a nanoposition manipulator (Burleigh Instruments Inchworm Model IW-820) that controlled the displacement, δ. A customdeveloped National Instruments LabVIEW code recorded the material compliance, C, which is the change in displacement over the change in force:
Applying a correction ratio to account for the dimensional confinement described by the ratio between the contact radius, a, to the sample height, h (0.5<a/h<2), the effective Young's modulus can be determined from the measured compliance by (Shull et al., 1998 ):
Cavitation rheology
All measurements were taken using a custom-built instrument that consists of a syringe pump (New Era Syringe Pump NE1000), pressure sensor (Omega Engineering PX26-001GV), and syringe needle connected to a DAQ card that records pressure as a function of time. The needle is inserted into the tissue sample (2-5mm) and air is injected at a rate of 5000 L/min. The pressure is recorded using a custom-developed LabVIEW code until the air cavity in the tissue bursts. Three measurements, in separate tissue regions, were taken for a range of needle gauges 
where Pc is the pressure of cavitation, is surface tension, and r is the inner radius of the needle.
Statistical Analysis
Statistical analysis was accomplished using Graphpad's Prism v5.0a. Data are reported as mean ± standard error. Statistical significance was determined by a one-way analysis of variance (ANOVA) followed by a Tukey's multiple comparisons test. When noted, a two-tailed t-test was used. P-values <0.05 are considered significant, where p<0.05 is denoted with *, ≤0.01 with **, ≤0.001 with ***, and ≤0.0001 with ****.
Results
Three techniques were used to characterize the elastic modulus of bone marrow
We harvested intact marrow, with minimal post-mortem time, from 6-10 month old pigs. Pig was chosen as a model organism because of their anatomical similarity to humans, and their widespread use as sources for biological materials and as subjects for medical device testing (Meurens et al., 2012; Sullivan et al., 2001) . Further, the pig model allowed us to examine tissue-scale mechanical heterogeneity absent of many convoluting factors, such as age, diet, and race. Rheology, indentation, and cavitation were used to mechanically characterize bone marrow tissue samples. Rheology and indentation samples were prepared by removing biopsy punches from the inner medullary cavity, and cavitation rheology was done using the horizontal crosssection of the femur as a site for needle insertion (Figure 1a) . Rheology measures the bulk properties of a biopsy punch placed between two oscillating parallel plates (Figure 1b) .
Indentation, an axisymmetric compression test, is a micro-scale measurement with a flat-punch probe that is an order of magnitude smaller than the parallel plates used in rheology ( Figure 1c ).
Indentation measures the substrate load as a function of time and displacement, allowing the use of basic principles of contact mechanics to calculate an effective modulus. Cavitation rheology is also a micro-scale measurement, and is performed by flowing a solvent, in this case air, into a substrate, which creates an inner cavity (Figure 1d ). After the cavity bursts at the cavitation pressure, the Young's modulus can be calculated from Equation 4 using the surface tension between the substrate, solvent, and inner radius of the cavitation needle.
Bone marrow is a benign tissue with dominant elastic contributions
We used bulk rheology to quantify the viscoelastic properties of bone marrow tissue. The dynamic moduli are frequency dependent, and the dynamic storage modulus is consistently an order of magnitude larger than the dynamic loss modulus (Figure 2a) . Rheology was the only instrument with temperature control, and, as the temperature was increased to 35°C, both the dynamic moduli and complex viscosity decreased by an order of magnitude. The complex viscosity decreased as shear rate increased, indicating that bone marrow behaves as a nonNewtonian fluid (Figure 2b ). Power law indices of 0.15±0.01 for 25°C and 0.12±0.02 for 35°C determined that bone marrow is a benign material with dominant elastic contributions to its mechanical response, which becomes slightly increased elastic at higher temperatures. This behavior was mirrored in indentation, which showed that marrow closely followed a Hertzian model upon compression (Suppl. Figure 2a, c-d ).
Porcine bone marrow has inter-and intra-sample heterogeneity
At 25°C, the effective Young's moduli for marrow ranged from 0.73-135.6 kPa for rheology and 0.42-64.5 kPa for indentation (Figure 3a -b, Suppl. Table 1 ). Instrument sensitivity was gauged using intra-sample standard deviation, which showed that indentation was slightly better than rheology at capturing the spatial heterogeneity within each sample. At physiological temperature (35°C), the effective Young's moduli for marrow ranged from 0.1-10.9 kPa (Suppl. Figure 3 ).
Indentation validated that the intra-sample heterogeneity was a function of spatial modulus differences within the samples, and not an effect of the instrument damaging the tissue sample (Suppl. Figure 2b ). At the tested frequencies, both rheology and indentation consistently reported similar effective Young's moduli for matched bone samples. To connect the spatial differences to marrow location in the medullary cavity, we separated the marrow into proximal and distal sections. There was no significant difference in effective Young's modulus between the distal and proximal marrow samples from the same bone (Suppl. Figure 4) . Surprisingly, there was no trend in harvest location in the cavity and sample modulus, suggesting that marrow location in the medullary cavity is not the cause of the apparent intra-sample heterogeneity.
Sample removal affects the modulus of marrow
Cavitation rheology is the least destructive technique for sample preparation, enabling us to assess the modulus of marrow within the hard, osseous bone cavity. The pressure of cavitation is a function of needle radius, allowing an effective Young's modulus to be calculated for a non-elastic material (Figure 4a ). The effective Young's modulus for marrow ranged from 8.5-64.3 kPa, and we found that these values were consistent with the variation seen in the matched bones for rheology and indentation ( Figure 4B ). Two of the bone samples (5 and 6) did not cavitate prior to reaching the maximum limit for the pressure sensor, therefore an effective Young's modulus could not be inferred. These samples were the stiffest measured by both rheology and indentation, which likely explains the observed instrument limitation.
Continuity across mechanical methods
We found a strong continuity between all the mechanical tests and the estimated effective Young's modulus (Table 1 
Discussion
A goal of tissue engineering is to recapitulate key features of tissues in vitro in order to better understand in vivo phenomena and apply this toward directing tissue function. The mechanical properties of a cell's microenvironment have been shown to dictate the migration and differentiation of marrow-derived mesenchymal stem cells, but little research has been conducted on mechanically characterizing bone marrow tissue (Engler et al., 2006; Peyton et al., 2011; Yang et al., 2014) . To fully capture the heterogeneity of intact bone marrow, we present and propose three complementary methods, with the intention of highlighting some of the advantages and disadvantages of each method for mechanical testing. Here, we report that bone marrow is a benign viscoelastic tissue with a dominant elastic contribution and significant intra-and intersample heterogeneity across three mechanical testing methods.
Our data for bone marrow mechanics is both much stiffer, and encompasses a larger range of values than earlier studies. However, as previously noted, other studies have been performed on homogenized tissue samples, so the reported viscosities ranging from of 44.6-142
mPas cannot be easily compared to our viscous data (range from 100-500 Pas) (Bryant, 1988; Bryant et al., 1988; Saito et al., 2002; Sobotkova et al., 1988; Zhong and Akkus, 2011 Figure 2 , Suppl. Table 1 ). The only other report of rheology on intact marrow found that bovine marrow has a dynamic storage modulus of ~220 Pa at a frequency of 1.6 Hz and temperature of 37 °C (Winer et al., 2009) . At this same frequency, but at 35 °C, our porcine samples had a dynamic storage modulus ranging from 23-10,000 Pa (data not shown). This study is consistent with the storage magnitude we report for intact marrow, but because their project was confined to 3 samples from the same bone, this limited their ability to capture biological heterogeneities in marrow samples. We found intact marrow to have a large amount of inter-sample heterogeneity, and this is not surprising because biological tissues are known to be heterogeneous (Figure 3 ). For example, reports on the elastic modulus of brain and lung tissue can range from 0.1-10, and 1.5-100 kPa, respectively (Booth et al., 2012; Chatelin et al., 2010; Lai-Fook and Hyatt, 2000; Melo et al., 2014; Miller et al., 2000; Rashid et al., 2013; Zhong and Akkus, 2011) . While it is more likely that these variations are due to structural components of the tissues, it was also important to validate that the array of mechanical tests used to gather these values were not the source of this heterogeneity, as we have done here.
There is opposing literature on how tissue mechanics change in response to any processing post-mortem. One group showed no effect on viscosity after freezing marrow tissue samples; however, another group discovered that any post-processing (i.e. freezing or postmortem time) dramatically changes the elastic modulus of brain tissue (Davis and Praveen, 2006; Rashid et al., 2013) . Cavitation was the least destructive of the three techniques, making it ideally suited to mitigate post-mortem processing of tissue samples. Cavitation captured the same magnitude changes in samples as rheology and indentation, but consistently reported a higher modulus. This implies that removing the marrow from the medullary cavity could be lowering the tissue modulus. It is possible that the biopsy punch compromised tension formed from protein fibrils and vasculature in bone marrow tissue, which would explain the lower reported modulus for the other methods. Alternatively, the spongy nature of bone marrow tissue could cause the sudden drop in pressure to be associated with the onset of a fracture event, rather than the initiation of an elastic cavitation event (Kundu and Crosby, 2009) . If fracture occurs prior to cavitation, then this also implies that Equation 4 is not valid for bone marrow tissue. The tissue opacity and surrounding cortical bone makes the latter case difficult to assess, and a more thorough study is needed to investigate cavity propagation in marrow tissue. Regardless, future studies should consider the possibility that sample preparation may compromise the modulus of bone marrow tissue.
We predicted that indentation would be more sensitive to local heterogeneities than rheology, because the probe size is an order of magnitude smaller and allows for control of probe location. Contrary to our initial thoughts, indentation provided only a slight sensitivity advantage (Figure 3 ). This suggests that the heterogeneities contributing to changes in bone marrow modulus are on a size scale smaller than indentation can capture. We speculate that a technique like atomic force microscopy (AFM) may be able to improve our ability to annotate these modulus driven heterogeneities, if the sample preparation for this technique is made to be less destructive.
We recommend conventional rheology for samples where temperature control is needed (Suppl. Figure 3) . Though the effective modulus of porcine marrow was strongly temperaturedependent, the tissue remained with a dominant elastic contribution at all temperatures tested (i.e. power law held at ~0.15). This suggests that cavitation and indentation are still valid methods for certain measurements, even though they are performed at room temperature ( Figure   2b ). If modulus is not a major function of temperature, indentation provides speed, simplicity of use, and reports the same metrics as rheology. We observed that indentation was slightly better at capturing spatial heterogeneity when directly compared with bulk rheology, and adjusting to a smaller probe size could improve this spatial characterization (Figure 2) . Cavitation was the only method that allowed for in situ testing in the bone cavity. A possible challenge in cavitation is the need to know the substrate-fluid surface tension to convert pressure of cavitation (Pc) to an effective Young's modulus (E Eff ) ( Figure 4A ). We avoided this by using multiple needle gauges to interpolate an effective Young's modulus. However, if cavitation rather than fracture can be confirmed, then at large needle sizes only one simple measurement is required because Pc=E*1.05 (Hutchens and Crosby, 2014) . This could provide significant advantages, but more fundamental research on detecting the differences between cavitation and fracture is required (Hutchens and Crosby, 2014; Kundu and Crosby, 2009 It is interesting that the observed tissue heterogeneity could not be parsed out through annotation of tissue location, or by changing the magnitude of the probe compressing the tissue (Suppl. Figure 4) . We used indentation and rheology at annotated locations within a bone sample in an attempt to connect modulus with marrow location. Cell content differentiates red and yellow bone marrow, but the anatomical challenge of harvesting pure red-bone marrow limited us to using the marrow adjacent to the trabecular bone, where hematopoietic cells are enriched Vande Berg et al., 1997) . We found no significant difference in the effective Young's modulus between proximal and distal marrow samples (Suppl. Figure 4 ). These finding only emerge when including the extracellular matrix contribution, and contradict previous studies on homogenized tissues showing proximal bovine marrow has a higher viscosity than distal marrow (Bryant, 1988) . This study also found that the removal of cell debris and granular matter from homogenized tissue decreased the fluid viscosity, suggesting that these factors contribute to the dynamic loss modulus. Though the reason for the apparent heterogeneity is unclear, this study, alongside our results, suggest that cell content may have little impact on the storage modulus, and we advise future studies to look into how the matrix protein content relates to local modulus changes in intact marrow.
Conclusion
Here, we used three non-destructive approaches to mechanically characterize intact bone marrow. Across rheology, indentation, and cavitation we found that bone marrow is a benign viscoelastic material. Also, we are the first to report that marrow has dominant elastic contribution when the tissue is intact, and we feel this knowledge supports that components of the microenvironment, besides blood flow, may contribute to body homeostasis is a stiffness dependent manner. We also stress that bone marrow tissue is heterogeneous, and there is not one, but a range of appropriate moduli values for marrow. Overall, this type of thorough characterization can be used to improve upon current studies of bone marrow tissue elasticity and gain new insights into tissue function and structure. showed that bone marrow is slightly more elastic at the higher temperature (t-test, *p<0.05). 
